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Open access under CC BYInvestigators in the translational research and systems medicine domains require highly usable, efﬁcient
and integrative tools and methods that allow for the navigation of and reasoning over emerging large-
scale data sets. Such resources must cover a spectrum of granularity from bio-molecules to population
phenotypes. Given such information needs, we report upon the initial design and evaluation of an
ontology-anchored integrative query tool, Research-IQ, which employs a combination of conceptual
knowledge engineering and information retrieval techniques to enable the intuitive and rapid construc-
tion of queries, in terms of semi-structured textual propositions, that can subsequently be applied to inte-
grative data sets. Our initial results, based upon both quantitative and qualitative evaluations of the
efﬁcacy and usability of Research-IQ, demonstrate its potential to increase clinical and translational
research throughput.
 2011 Elsevier Inc. Open access under CC BY-NC-ND license. 1. Introduction niques, which we believe collectively provide for a highly-usableThe increasing adoption by the biomedical research and health-
care delivery communities of integrative and systems-level
approaches to research and clinical care has brought with it a num-
ber of notable informatics challenges and opportunities [1–3], span-
ning a spectrum from socio-technical barriers to system adoption to
the identiﬁcation and use of sufﬁciently robust data modeling and
interchange standards [2,3]. In the context of clinical and transla-
tional research, the ability to manage and reason upon complex
and large-scale data sets is of particular importance, and remains
an area of open research [3]. For example, electronic health records,
data warehouses and clinical trials management systems all gener-
ate vast volumes of potentially high-quality individual and popula-
tion-level phenotype data. Similarly, laboratory information
systems and other high-throughput instrumentation provide access
to multi-dimensional bio-molecular measurements. To empower
non-technical domain experts with the ability to reason upon and
pose questions related to such heterogeneous data sets, we have
developed the Research Integrative Query (Research-IQ) platform, a
proof-of-concept ontology-anchored integrative query tool.2. Background
We have implemented Research-IQ using a combination of con-
ceptual knowledge engineering and information retrieval tech-.B. Borlawsky), omkar.lele@
Payne).
-NC-ND license. and intuitive interface that can be used by non-technical domain
experts to develop and execute queries spanning a broad variety
of data types.
2.1. Large-scale and multi-dimensional biomedical data
In a recent seminal publication [1], Butte noted that the mod-
ern clinical environment provides an ideal medium by which hu-
man subjects or populations can be characterized using existing
or relatively low-cost data sources. The systematic evaluation of
such data-centric patterns can inform the modeling of the etiol-
ogy or course of normal and disease states. However, the ability
to realize this promise also requires the biomedical informatics
community to overcome a number of notable barriers [2], as-
pects of which are being addressed by several ongoing research
efforts, including:
 deﬁnition and widespread adoption of robust, scalable and suf-
ﬁciently expressive research-centric data modeling and
exchange standards, including reference information models,
controlled terminologies and ontologies [4];
 mitigation of socio-technical obstacles and complex regulatory
frameworks that collectively impede or prevent the secondary-
use of primarily operational or clinical data for research purposes
[4–6]; and
 development and validation of integrative data collection,
exchange, query and dissemination platforms that can be
quickly and efﬁciently conﬁgured to form data-analytic pipe-
lines [7].
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barriers, respectively, by demonstrating the practical utility of
knowledge modeling and semantic annotation, and providing a
framework in which non-technical domain experts can pose scien-
tiﬁc questions to complex data collections and dynamically re-
trieve integrated results.2.2. Knowledge-anchored query tools
A growing corpus of research exists relative to the design of
knowledge and logic-anchored query tools, and their interfaces
for the retrieval of complex information in the context of clinical
information systems, as brieﬂy summarized in the exemplary in-
stances below:
 Wang et al. [8] reported on a cognitive science-based evaluation
of the usability of a free-text oriented clinical information query
and retrieval tool, ﬁnding that such human–computer interac-
tion (HCI) models introduce greater cognitive demands than
structured query interfaces, but were perceived by end users
to be more intuitive for formulating complex queries.
 Corby et al. [9] described the use of an ontology-anchored
approach to design a partially free-text based question and
answer interface that leveraged Semantic Web technologies.
Their results indicated that such an HCI model allowed end-
users to formulate more complex and expressive queries than
traditional structured query ‘‘building’’ HCI models.
 Demner-Fushman and Lin [10] reported on the use of both
knowledge-anchored and statistical techniques to develop a
partially free-text query engine for published literature in sup-
port of evidence-based practice, ﬁnding that such a model per-
formed signiﬁcantly better than existing structured query tools,
including PubMed, in terms of both search accuracy and overall
usability.
Additionally, multiple research teams focusing on the broad do-
main of Human–Computer Information Retrieval (HCIR) [11] have
described the use of novel presentation models to increase ease of
use and end-user comprehension relative to complex information
retrieval tasks. An example of such an approach is faceted search,
in which information resources are classiﬁed in a multi-hierarchi-
cal taxonomy, the contents of which can subsequently be used to
both compose a query and ﬁlter the result set returned upon exe-
cution of such an operation [12].
However, a current review of the published literature shows lit-
tle evidence to inform the deﬁnition and validation of an HCI mod-
el capable of enabling non-technical domain experts to pose
hypotheses and reason over complex and large-scale clinical and
translational research data sets without existing knowledge of
the conceptual and semantic context of such resources. Fundamen-
tally, as the volume and scope of data and information expands, so
does the cognitive complexity and domain-knowledge require-
ments associated with the ability to pose questions in a systematic
manner [8,13]. Our prior studies have shown that knowledge-an-
chored techniques have signiﬁcant beneﬁts in terms of supporting
the systematic discovery of hypotheses in the context of large-
scale data sets, based on the metadata that can describe such re-
sources and available conceptual knowledge collections, such as
ontologies and literature parsed using a natural language process-
ing (NLP) engine [14].
Within the broad context of clinical and translational research,
there is a reoccurring demand for tools that can assist investigators
as they seek to discover, aggregate and reason upon multi-dimen-
sional data sets. Such information needs exist at multiple points in
the research lifecycle, including hypothesis discovery and studyplanning, as well as both retrospective and prospective data anal-
yses [15]. As has been described in the preceding overview of the
current state of knowledge relative to such methods, there are a
number of potential beneﬁts to using knowledge-anchored ap-
proaches in combination with free-text based interfaces to support
end users in such scenarios. However, as we have illustrated, ro-
bust and empirical studies of such technologies in the clinical
and translational research settings are minimal in the current
knowledge base. Given this gap in knowledge and practice, in the
remainder of this manuscript we will describe our efforts to apply
such methods to the area of information query and retrieval, with
the aim of attaining similar beneﬁts to those demonstrated in the
domain of clinical information systems.3. Methods
Our work is situated within the speciﬁc experimental context of
an ongoing collaboration with the Osteoarthritis Initiative (OAI;
http://www.oai.ucsf.edu/), a collaborative research program in-
volved in the collection of multi-modal clinical, image and out-
comes data from a nationwide cohort of participants with
osteoarthritis. The initial design and evaluation of Research-IQ
was conducted in three phases (Fig. 1).3.1. Phase 1: knowledge engineering
In the ﬁrst phase of this study, a knowledge engineer (KE) with
over 10 years of experience in the biomedical informatics domain
(TB) modeled the contents of the OAI data dictionary (Fig. 2) as a
Uniﬁed Modeling Language (UML) class diagram.
The data dictionary entries were extracted from the available
PDF ﬁle, and structured as a tab-delimited text ﬁle. The variable
categories and sub-categories, as well as the case report form ques-
tions (or labels) were annotated with SNOMED-CT concepts using
the MetaMap [16] annotation engine. The only MetaMap parame-
ter utilized was the restriction of the Uniﬁed Medical Language
System (UMLS) source vocabulary to SNOMED-CT. Using the UML
domain model as a template, the semantically annotated data dic-
tionary was represented in the Apelon Distributed Terminology
System (DTS; http://apelon-dts.sourceforge.net/).3.2. Phase 2: prototype system design
The Research-IQ platform interfaces via Application Program-
ming Interface (API) with both the MetaMap annotation engine
as well as the Apelon DTS. The remaining components of the Re-
search-IQ framework were implemented in J2SE™ 6.0 using well-
deﬁned system interfaces to combine a set of open-source software
elements. The resulting tool is a composite query entry, parsing,
processing and data meta-model mapping service pipeline, as illus-
trated in Fig. 3. The ﬁrst stage of the Research-IQ system uses the
MetaMap Java API to map a free text question entered by the
end-user to a set of ontology concepts from the UMLS. The result-
ing annotations are subsequently analyzed and ﬁltered by the end
user to form a set of valid ontology concepts. In the second stage,
the Apelon DTS API is utilized to link the set of valid annotations,
as identiﬁed by the end user, to the KE-generated annotations via
appropriate SNOMED-CT concept codes. The resulting set of vari-
ables, which in the case of OAI correspond to a corpus of speciﬁc
case report form questions, are then presented to the end user,
who can select those variables that are relevant to the initially
posed research question. A speciﬁc emphasis was placed on the
use of existing, open-source technologies and public knowledge
sources to design and implement Research-IQ.
Fig. 1. Overview of the three-phase design (Phases 1 and 2) and initial evaluation (Phase 3) process utilized for Research-IQ.
Fig. 2. OAI data dictionary entry displaying the various components that were modeled as a UML diagram. The category, subcategory and label attributes were subsequently
annotated using SNOMED-CT concepts.
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Using the Research-IQ prototype implemented per Phase 2, we
conducted a preliminary efﬁcacy evaluation that involved the par-
ticipation of two subject matter experts (SMEs), one sports medi-
cine physician with a clinical and research interest in the effects
of aging, including the development of arthritic conditions, on
muscle injuries, and one rheumatologist with extensive clinical
experience in treating patients with osteoarthritis. While both
SMEs have an afﬁliation within the Department of Biomedical
Informatics, neither provided substantive input in the design of
the Research-IQ interface or reasoning algorithm. Each SME met
individually and in-person with the system developers (TB, OL).
The SMEs, who had not previously seen the Research-IQ platform,
were provided with a written overview on the evaluation objec-
tives, as well as detailed instructions for each phase (efﬁcacy and
usability). Additionally, the SMEs were allowed approximately
10 minutes to acclimate to and explore the functionality of Re-
search-IQ using their own free-text research questions.3.3.1. Efﬁcacy evaluation
As part of the efﬁcacy evaluation, the SMEs executed ﬁve proto-
typical free-text queries patterns (Table 1) relative to the osteoar-thritis (OA) domain. In order to assess the annotations assigned by
MetaMap, the SMEs were asked to select only those SNOMED-CT
concepts that they considered to be valid with respect to the input
query. The SMEs also evaluated the relevancy of the OAI data dic-
tionary elements that were mapped to the selected valid SNOMED-
CT concepts. For each query, the SMEs also answered three ques-
tions regarding the efﬁcacy of Research-IQ:
1. Are the assignments of standard concept deﬁnitions to the free-
text query valid (i.e., do the standard concepts accurately repre-
sent the initial text they are associated with)?
2. Are the standard concepts assigned to the free-text query able
to represent the key concepts included in the initial free-text?
3. Is the set of data dictionary elements retrieved using Research-
IQ, based on your initial free-text query, expressive enough to
satisfy your query?
3.3.2. Usability evaluation
Finally, the two SMEs were asked to complete a qualitative user
satisfaction (QUS) survey,whichwas based on theQuestionnaire for
User Interface Satisfaction (QUIS) developed by Chin et al. [17]. The
survey posed questions related to the usability and functionality of
Research-IQ, including: (1) overall reaction to the software; (2) con-
Fig. 3. Overview of the two-stage system architecture, where the MetaMap annotations of the free-text research questions are validated in Stage 1 and the OAI data
dictionary elements corresponding to those selected annotations and the initial research question are selected in Stage 2. The component-based query analysis pipeline
utilizes both the MetaMap and Apelon DTS APIs in conjunction with the above-described two-stage architecture.
Table 1
Summary of query patterns, or prototypical research questions in the domain of
osteoarthritis, utilized by the SMEs during the efﬁcacy and usability evaluation (Phase
3).
Query Free-text description/pattern
1 Does above average height or weight correlate with an increase in
knee swelling or tendinitis?
2 Do changes in body mass index affect severity of knee pain?
3 Does smoking or alcohol use affect knee pain or stiffness?
4 Does a family history of osteoarthritis correlate with increased hip
pain?
5 If patient knee pain limits activity does that lead to a higher risk of
depression?
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throughout the system; (3) consistency of results generated by
the system; and (4) the ability of the system to satisfy user intent.
The responses were scored using a 10-point Likert-like scale.
4. Results
4.1. Phase 1: knowledge engineering
The UML class diagram representing the concepts of the OAI
data dictionary are shown in Fig. 4. A total of 1860 variables from
the OAI data dictionary were manually annotated with 223 distinct
SNOMED-CT concepts; all such mappings were represented in the
Apelon DTS.
4.2. Phase 2: prototype system design
The prototype implementation of the Research-IQ platform
(Fig. 5) was developed per the previously described architecture.
The following list of semantic types and their sub-types were
deemed by an SME (rheumatologist with biomedical informatics
experience) to be relevant to the translational research domain,
and were subsequently included as a MetaMap parameter in the
prototype: Finding, Group, Organism Attribute, Physical Object, Event.In addition, MetaMap was restricted to the SNOMED-CT source
vocabulary.
4.3. Phase 3: efﬁcacy and usability evaluation
4.3.1. Efﬁcacy evaluation
The percentage of retrieved OAI data dictionary variables con-
sidered by the SMEs to be relevant to the posed research questions
(query patterns) are summarized in Fig. 6, and a summary of the
SME responses to the three efﬁcacy questions posed during this
phase is provided in Table 2.
4.3.2. Usability evaluation
A summary of the SME responses to the QUS survey adminis-
tered during this phase is provided in Table 3.
5. Discussion
Though previous research has been conducted in the clinical and
HCIR domains surrounding the utilization of knowledge- and logic-
anchored free-text information retrieval tools [8–12], to the best of
our knowledge, no such platforms have been developed in the clin-
ical and translational research domain. In general, our results dem-
onstrate the potential utility and improved usability of our
approach as applied to the clinical and translational research
domain.
5.1. Limitations
Overall, the results of the efﬁcacy survey indicate that in the
majority of cases, the SNOMED-CT concepts associated with the in-
put research questions by MetaMap were only partially valid and
only partially represented the key concepts included in those que-
ries. For this initial assessment, for convenience we utilized the
MetaMap text annotation tool ‘‘out of the box’’ and applied a lim-
ited number of parameters (i.e., semantic type, source vocabulary).
We hypothesize that additional ‘‘tuning’’ of the conceptual
Fig. 4. UML class diagram representing components of OAI data dictionary. The OAI case report form questions (or labels) are fully described via the associations with data
collection form(s), SAS dataset(s), variable name(s), study visit(s), and variable categories and sub-categories.
Fig. 5. Overview of user interface and corresponding two-stage end user workﬂow. During Stage 1, the end user enters a free-text research question (1), which is then
annotated by MetaMap with SNOMED-CT concepts (2). The end user can browse the resulting annotations and select those that accurately represent their input research
question (3). During Stage 2, the end user is able to browse the OAI data dictionary variables (5) that have been annotated with the SNOMED-CT concepts selected in step 3.
The end user can then select those OAI data dictionary variables that may correspond to data that could help to answer their research question (6). In future work, the
Research-IQ pipeline will include the ability to extract the data corresponding to these selected database ﬁelds (7).
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signiﬁcantly improve its performance relative to the granularity
and accuracy of the concepts associated with the user input re-
search question.Additionally, Research-IQ is dependent upon the domain cover-
age, concept granularity, and expressiveness and completeness of
the associations included in the currently available biomedical
ontologies. To address this limitation, we plan to augment the cur-
Fig. 6. Summary of the number of variables returned during Stage 1 that the SME
determined to be relevant to the input research question.
Table 2
Summary of the efﬁcacy survey results.
Question Results
Are the standard concept deﬁnitions
assigned to the free-text query valid?
Completely: 20%
Partially: 80%
Not at all: 0%
Are the standard concepts assigned to the
free-text query able to represent the key concepts?
Completely: 40%
Partially: 60%
Not at all: 0%
Is the set of data dictionary elements retrieved
using Research-IQ expressive enough to
satisfy your initial free-text query?
Completely: 20%
Partially: 80%
Not at all: 0%
Table 3
Summary of usability survey results (due to system response time.).
Survey question SME1 SME2
Overall reactions to software
Terrible (0)–wonderful (9) 7.5 6.0
Difﬁcult (0)–easy (9) 7.5 7.0
Frustrating (0)–satisfying (9) 2.0 7.0
Functionality and interface
Display of information throughout the software was:
confusing (0)–very clear (9)
8.0 7.0
Results generated by software were: inconsistent (0)–
consistent (9)
7.0 8.0
Results generated by the software were able to satisfy your
intent when interacting with the software: never (0)–
always (9)
7.5 6.0
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from biomedical literature pertaining to the domain of interest
[18], and potentially allow the end users to add their own key-
words and associations resulting in an associated folksonomy.
Due to the differing professional backgrounds of the subjectmat-
ter experts (SMEs), certain elements of biaswere introduced into the
evaluation that caused them to be inconsistent with their assess-
ments of the relevancy of the returned Osteoarthritis Initiative
(OAI) data dictionary elements with respect to the input research
question. However, despite such inconsistency, the majority of the
retrieved variables were considered to be relevant. Comments
regarding the returned case report form questions were that some
were too non-speciﬁc to address the research question (e.g., the
question ‘‘Other joints pain, aching or stiffness: more than half the
days, past 30 days’’ was associatedwith the research question ‘‘Does
a family history of osteoarthritis correlate with increased hippain?’’). In addition, because neither of the SMEs involved in our
evaluation are associatedwith the OAI study being conducted, there
are speciﬁc functional scoringmetrics that theywould not normally
use in their research (e.g., Knee injury and Osteoarthritis Outcome
Score (KOOS)) and therefore, any related questionswere considered
to be irrelevant. In future evaluations, the instructions to the evalu-
ators can be further clariﬁed to minimize this bias.
Additional limitations noted during our study were: (1) lengthy
system response time associated with conducting queries using
the Apelon DTS API; and (2) limited number of available SMEs. De-
spite the preceding challenges, the SMEs expressed that the system
was relatively easy to use, and that the results generated were con-
sistent and clearly displayed.5.2. Future work
Though the Research-IQ platform was developed in the context
of osteoarthritis, due to its component-based architecture, it can be
easily extended to any number of domains using a variety of text
annotation engines and context-speciﬁc knowledge collections.
Relative to research databases such as that associated with the
OAI and described in this manuscript, our future work will include
extensions to the Research-IQ platform that will utilize loosely
coupled federated queries to extract the data corresponding to
the data dictionary elements determined by the end user to be rel-
evant to the initial research question. This will enable the end user
to conduct further analyses over the resulting data set. Addition-
ally, we plan to expand upon the work presented in this manu-
script to develop a more generalizable knowledge resource portal
for the clinical and translational research community that will pro-
vide for resource discovery, explanation and utilization across a
variety of web-based resources, grid-enabled resources, cohort dis-
covery tools and expertise resources. As part of this effort, we will
conduct an assessment of the precision and recall of the SNOMED-
CT annotations resulting from the use of MetaMap, as well as
explore:
1. Optimized solutions for storing, querying and reasoning over
the semantically annotated models.
2. Alternate open-source text annotation frameworks and algo-
rithms, such as the General Architecture for Text Engineering
(GATE; http://gate.ac.uk/) and/or Unstructured Information
Management Architecture (UIMA; http://uima.apache.org/).
3. Integration of a standards-based metadata repository (e.g.,
openMDR; http://wiki.cagrid.org/display/MDR).
Additionally, we intend to conduct a formal information needs
assessment of the clinical and translational research community,
as well as engage a group of representative SMEs to reﬁne the
query patterns and user interface.6. Conclusions
Despite the previously noted annotation accuracy and variable
relevancy issues, we have shown that it is feasible to utilize well-
validated conceptual knowledge engineering and information
retrieval techniques to develop a highly usable and intuitive
interface for non-technical domain experts to develop and execute
integrative queries spanning heterogeneous biomedical data sets.
By addressing the previously described limitations, we believe that
that Research-IQ has the potential to increase the accessibility and
adoption of query and analysis tools targeting integrative, multi-
modal research data sets as are found in the contemporary clinical
and translational research domain.
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